A phenomenological modelling approach has been developed for the description of the massive and lamellar microstructures which form in γ-TiAl alloys at high and moderate cooling rates, respectively. The nucleation of both massive and lamellar γ is described by classical heterogeneous nucleation theory which takes into account that nuclei are formed predominantly at α grain boundaries. The thickening rate of the lamellae is described with a modified multicomponent Zener model of precipitation while the growth rate of massive γ is calculated with an expression for interface-controlled reactions. The model, which is coupled with a thermodynamic database, permits to investigate the influence of the alloy composition and cooling rate on the proportion of massive and lamellar γ. Calculted CCT diagrams showed good agreement with experimental data for binary alloys. The approach was also used to discuss the effect of Nb additions on the transformations kinetics and on the competition between lamellar and massive microstructures. The calculations illustrate how Nb additions tend to favour the massive microstructure by slowing down the growth of lamellar precipitates.
Introduction
Gamma titanium aluminide (γ-TiAl) based alloys combine a high specific strength, a good oxidation, creep and fatigue resistance at elevated temperatures. These excellent properties have made them good candidates for replacing nickel based alloys in some gas turbine components. However, their relatively poor ductility and fracture toughness remain important obstacles for their practical application. The ductility of γ-TiAl alloys, as well as the yield stress, creep and fracture resistance, can be considerably improved by a careful control of microstructure formation [1, 2, 3] . The microstructure of γ-TiAl alloys is essentially composed of two phases: the L1 0 ordered γ phase and the α 2 phase which is an ordered form (DO 19 ) of the hcp α phase that is stable at high temperature. According to the alloy composition and heat treatment conditions, different types of microstructure can be obtained. Low and moderate cooling rates lead to the characteristic lamellar microstructure of TiAl, which is formed by precipitation of γ as parallel plates within the α matrix, followed by the α α 2 ordering reaction. A rapid cooling leads to the massive transformation from α to γ.
Although massive γ microstructures do not have currently engineering applications, it has been shown that they can be used as a precursor to produce refined microstructures by subsequent tempering in the α + γ phase field [4, 5] . These microstructures, which are composed of finely dispersed α 2 plates with 4 variants, exhibit better mechanical properties than parallel lamellae [4] . Due to the competition with lamellar precipitation, the massive microstructure forms only at relatively high cooling rates. The critical cooling rate for the transition from lamellar to massive microstructures can be a crucial parameter for the heat treatment of large pieces where massive γ may be difficult to obtain in the core of the component. The critical cooling rate can be lowered by the addition of heavy alloying elements such as Nb and Ta [6, 7] . It has been suggested that the low diffusivity of Nb is responsible for this effect by slowing down the growth of lamellar precipitates and favoring therefore the massive transformation [7] . The objective of this contribution is to propose a phenomenological modeling approach for the description of the formation of lamellar and massive microstructures in multicomponent TiAl during cooling. Two distinct models, for lamellar and massive microstructures, have been developed and coupled in order to describe the competition between these two microstructures. The approach can be used to investigate the influence of alloy chemistry and cooling rate upon microstructural quantities such as the proportion of lamellar and massive microstructures, the lamellar spacing and phase concentrations.
Model description

Lamellar model
It has been established for some time that the α 2 + γ lamellar structure is the result of a precipitation and ordering reactions rather than a eutectoid transformation [8] . The overall kinetics of the lamellar transformation is calculated by considering the nucleation and growth of the γ precipitates. Classical theory of heterogeneous nucleation is used to calculate the nucleation rate of the γ lamellae on α/α grain boundaries. The volumetric driving pressure is obtained from a CALPHAD approach (Thermo-Calc) based on the current temperature and atomic fractions of alloying elements in the parent α phase.
The thickening of the lamellae is considered as a 1 dimensional diffusion problem that can be described with a Zener model [9] . The approach is based on an overall solute conservation equation and a solute balance at the interface. Two equations can be formulated for each solute element:
where δ i is the depth of the boundary diffusion layer in the α matrix for solute element i, w is the thickness of the γ precipitate, 0 i X is the nominal atomic fraction of element i in the alloy, i X γ is the atomic fraction of i in the precipitate, is the interdiffusion coefficient and
γ is the velocity of the interface. To account for the fact that γ lamellae grow by a ledge mechanism, a geometrical factor h/l is introduced into the solute balance at the interface (Eq. 2). If local thermodynamic equilibrium is assumed at the ledges, the equation describing the tie-line and the α/(α+γ) transus should be continuously satisfied:
where is the partition coefficient of element i, and T α is the transus temperature which can be expressed as a function of the α composition, . The functions and were evaluated with Thermo-Calc and stored in a tabulation file before running the calculations.
The nonlinear problem composed of Eqs. 1-4 is solved with an iterative method, which provides the α and γ compositions as well as the new thickness at each time step.
The average lamellar spacing, λ, is calculated based on the number density of lamellae obtained by integration of the nucleation rate. When w+δ i reaches λ/2, the diffusion layers of adjacent lamellae start to interact. Growth is then described with another set of equations:
where
X is the concentration of solute i in α half way between two lamellae.
Massive model
As for the lamellar model, heterogeneous nucleation theory is used to calculate the nucleation rate of massive γ. The driving pressure of the massive transformation,
, is obtained from Thermo-Calc based on the current temperature and atomic fractions of alloying elements in the parent α phase. The massive γ grains are assumed to grow as hemispheres at a rate given by the Burke-Turnbull expression for interface-controlled reactions [10] :
where M 0 is a mobility parameter, / Q α γ is the activation energy for atomic transfer through the interface and is the molar volume.
m V The volume fraction of massive γ is calculated with the method described by Hunt [11] in order to account for continuous nucleation without having to track the entire grain size distribution. The method is based on the calculations of the first, second and third momentum of the grain size distribution during each time increment. More details about the lamellar and massive models are given in [12, 13] .
Competition between the lamellar and massive microstructures
The competition between the lamellar and massive microstructures can be described by applying conjointly the two models. The method is based on an incremental procedure over time which results in a volume fraction variation for each constituent (α, lamellar γ, massive γ). At low cooling rate the lamellar microstructure will predominate as it occupies a large proportion of the volume when the T 0 temperature is reached. The model also accounts for the solute depletion in the matrix associated with precipitation, which results in a decrease of the driving force for the massive transformation. At high cooling rate the time allowed for nucleate and growth of lamellar γ is very limited since the conditions for the massive transformation are quickly met. The massive microstructure will therefore predominate.
Result and discussion
Application to binary Ti-Al alloys
The model permits to calculate the kinetics of the lamellar and massive transformations for various compositions and cooling rates. By performing successive runs at different cooling rates CCT diagrams can be constructed. This approach was first applied to the binary Ti-48at%Al and Ti-47.5at%Al alloys. Fig. 1 illustrates the CCT diagrams calculated with the model, which can be compared with different sets of experimental data. The dashed and solid lines are isopleths of the volume fractions of lamellar and massive γ, respectively. The starting and ending temperature of the transformation can be compared with experimental data obtained by thermal analysis and collected from the literature [14] . [14] .
5Al (b). Experimental start and end temperatures (symbols) were obtained by thermal analysis or reported from
The lamellar spacings calculated with the model for Ti-48Al are shown in Figure 2 . It can be seen that λ is a strong function of T as it ranges from 0.1 μm at 30 °C/s to about 6 μm at slow rates. Measured average lamellar spacings have been reported on the same diagram together with additional data taken from the literature for the same alloy and cooling rate [ & 15] . It can be seen that simulation results are in good agreement with the measurements. The dependency that is shown in Fig. 2 is closely linked with the nucleation behavior as λ is directly related to the number density of precipitates. At high cooling rates, lamellae have only limited time to thicken and the Al depletion in the α matrix is localized near the interface. Consequently, the driving force for the nucleation of lamellae remains high. To identify the role of Al depletion in the dependency, a simulation was carried out without considering the influence of the matrix depletion on the nucleation rate. The result, which is also represented in Fig. 2 , shows that λ is a monotonous increasing function of in that case. It indicates that Al depletion in α certainly plays an important role in the dependency. Figure 2 : variation of the lamellar spacing with the cooling rate. The triangular symbols are data reported from [15] .
Influence of Nb
The kinetics of the phase transformations and the competition between the lamellar and massive microstructures can be significantly modified by the addition of alloying elements such as Nb. A first influence of Nb appears already on the phase diagram. It has been reported that the addition of Nb shifts down T α and narrows the α+γ region [16] . For a given supersaturation, a decrease of T α means a slower precipitation since nucleation and diffusion of alloying elements are thermally activated processes. In addition, a narrow α+γ region is a favourable condition for the massive transformation. These thermodynamic considerations already indicate that Nb will favour the massive microstructure. Another possible influence of Nb is through a modification of the lamellar growth kinetics. It was suggested that the low diffusivity of Nb can considerably slow down the precipitation of γ since Nb partitioning takes place at the α/γ interface [7] .
The present modeling approach can incorporate both the thermodynamic and kinetic influences of alloying elements. However the thermodynamic database that was available for this work [17] did not show the same trends for Nb additions as those reported in [16] . Therefore, the model has only been used so far to address the kinetic aspects.
Effect of Nb on lamellar thickening
Nb exhibits a diffusivity that is approximately one order of magnitude lower than those of Al and Ti in the Al-Ti-Nb system ( D Al = 2.38 × 10 -15 m -2 s -1 [18] and D Nb = 3.15 × 10 -16 m -2 s -1 [19] at T = 1200°C). If one assumes that orthoequilibrium still prevails at the ledges on the lamellar γ/α interface, this should have a significant influence on the kinetics of γ precipitation. The multicomponent lamellar model was used to evaluate this effect. To eliminate the thermodynamic effect of Nb due to T α variations, the comparisons were made with alloys having identical T α . According to the database that was used, this requires decreasing the Al content when Nb is added (see Fig. 3a ). Fig. 3b shows the calculated lamellar thickening rate for various Ti-Al-Nb alloys having identical T α (1400°C). As expected the alloys containing larger amounts of Nb exhibit lower lamellar thickening rates.
Effect on the lamellar to massive transition
The full model, which incorporates both the lamellar and massive transformations, was then used to investigate the effect of Nb on the lamellar to massive transition. As previously, the simulations were made using two alloys having identical T α : Ti-44Al-6Nb and Ti-46Al-2Nb. Figure 4 shows the calculated volume fractions of lamellar and massive γ versus temperature for a cooling rate of 10°C/s. As can be seen, at higher Nb content the lamellar transformation is slower and therefore a larger volume fraction of massive γ is obtained after cooling. 
Conclusion
A phenomenological modeling approach has been developed to describe the formation of lamellar and massive microstructures during cooling in gamma titanium aluminides. The model can be used to calculate CCT diagrams and other microstructural quantities such as the lamellar spacing. Comparisons with experimental data showed good agreement for binary alloys. Being multicomponent and coupled with a thermodynamic database, the approach can account for the thermodynamic and kinetic effects of alloying elements, and in particular their influence on the critical cooling rate for the formation of massive γ. The factors favouring the formation of the massive microstructure are: (i) a decrease of the transus temperature T α , (ii) a narrowing the α+γ interval in the phase diagram (iii) a decrease of the lamellar transformation rate due to solute partitioning at the α/γ interface and slow diffusion of the alloying element. The latter effect could be clearly illustrated by a series of calculations which showed that the lamellar thickening rate decreases with the Nb content. So far, the other two factors could not be investigated by the simulation due to the lack of accurate thermodynamic data.
